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The spectra and form factors of exclusive semi-leptonic decays of B-meson are analyzed, 
taking account of confined effects of quarks by the Covariant Oscillator Quark Model. The 
predicted B — > {D* , D)Wi spectra with the conventional value of Vcb are fit well to the high- 
precision experiment. It is also shown the values of Vcb and Kit obtained through decay 
widths for the B — > [D, D* , p)li>i processes are consistent with the presently accepted ones. 



§1. Introduction 

The exclusive semi-leptonic decay has been one of the important topics of high 
energy physics for many years, however it has been a difficult task to explain its 
spectra quantitatively. They are largely affected by the confined effects of quarks. 
Especially in the decays of B-mesons the final mesons generally make highly relativis- 
tic motions, making the situation more complex. Among many experimental studies 
the spectra of B ^ D*li^i and B Dlui decays are obtained with high precisions, 
of which analysis has been one of the main interests in the heavy quark effective 
theory (HQET)E|). In HQET all generally independent form factors, appearing in 

the effective meson transition current J/f^^ are represented by one universal 
form factor (FF) function (Isgur-Wise function ^(w)), thus leading to various FF- 
relations among them. The value of at zero-recoil point is to be unity, ^(1) = 1, 
in the heavy quark mass limit mq — > oo, reflecting the conserved charge of heavy 
quark symmetry (HQS). However, HQET and/or HQS themselves are not able to 
predict the concrete form of ^(w), and accordingly it cannot describe the FF function 
and the decay spectra in all regions of . For this it is, in principle, necessary to 
know covariant wave functions(WF) of mesons concerning both spin and space-time 
variables, and presently we are required to resort to some models with a covariant 
framework. The FF function is obtained as an overlapping of initial and final state 
WF. 

In this work we shall study the FF's and spectra of semi-leptonic B-meson de- 
cays, using the Covariant Oscillator Quark Model (COQM) in order to estimate the 
confined effects of quarks. The COQM has a long history development , and its 
origin may be traced back to the bilocal theory by Yukawa. cP The general framework 
of COQM is called the boosted LS-coupling scheme, and the hadron WF, being ten- 
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sorsu^ in f7(4) x 0(3, l)-space, reduce to those in 5C/(2)spin x 0(3)orbit-space in the 
non-relativistic quark model in the hadron rest frame. The spinor and space-time 
portions of WF satisfy separately the respective covariant equations, the Bargmann- 
Wigner(BW) equations for the former and the covariant oscillator equation for the 
latter. The concrete form of meson WF has been determined completely through 
the analysis of mass spectral^'Q^. Their validity seems to be shown, to some extent, 
phenomenologically hy their applications to various dynamical processes, such as the 
electro-magnetic FFlP and the radiative decay of light quark mesons. Recently we 
have applied them to general semi-leptonic decayiH of mesons and baryons. It is 
especially interesting that for the B D*/DWi decays completely the same©'© 
FF relations as in HQET are derived in COQM. The physical origin of obtaining 
the same FF relations is the use of the BW spinor functions. We have argued in our 
previous work that these BW functions are also implicitly supposed B^'liSP in HQET 



The reduced FF function in COQM, called /-functionlUllI, is shown to satisfy also the 
above mentioned condition of the^^£l) = 1. 

According to the analysiso^'Q^'O) of meson mass spectra, there seems to be a 
sufficient phenomenological reason for the validity of BW equations also in the light 
nuark meson system. So we shall make the similar analysis of the process B pWi 
(which is out of the scope of HQET by itself) as well as B ^ D/D*Wi in this 
work. 

§2. Meson vi^ave functions 

In COQM all non-exotic gg-mesons are described unifiedly by bi-local fields 
'l'A^{xifi,X2^), where xi^(rc2^) is a space-time coordinate of constituent quark(anti- 
quark), A = (a, a) {B = (b,l3)) describing its flavor and covariant spinor. Here we 
write only the (positive frequency part of) relevant ground state fields. & 

^A^'Cxi^.xs^) = e'''''U{P)A''fiab){x^;P), (1) 

where U and / are the covariant spinor and internal space-time WF, respectively, 
satisfying the BW and oscillator wave equations. The i^^i) is the relative (CM) 
coordinate, = xi^ - X2fj. (X^ = (mixi^ + m2X2^)/(mi + 771,2); mi's being quark 
masses). The U is given by 

UiP) = ^ii-^^P^i^) + + ■ 7)], (2) 

where Ps{Vf^) represents the pseudoscalar (vector) meson field, and = P^/M{P^{M) 
being four momentum(mass) of meson). The U, being represented by the direct prod- 
uct of quark and anti-quark Dirac spinor with the meson velocity, is reduced to the 



*•* Application of covariant oscillator function to semi-Jeptonic decays was done firstly in ref. 
The preliminary result of this work was presented in refs.Ej-*. 

**^ In the case of light-and heavy-quark meson system the /-function (taking mg — > 00) is 
identical to the Isgur-Wise function ^{u}). 



Spectra of Exclusive Semi-Leptonic Decays of B-meson. 



3 



non-relativistic Pauli-spin function in the meson rest frame. The / is given by 

/(x,;P) = ^e H^'^^J, p=^, (3) 

TT 

where is the reduced mass, and K is the spring constant of oscillator potential. 

We treat our problem in the following two cases of parameters, m^s and K. 

Case A: The m'^s are simply determined by My = iriq + rUg, My's being the 
mass of relevant vector mesons, B*, D* and p. The K is supposed to be universalll' , 
independently of flavor-contents of mesons, and determined from the Regge slope of 
p meson trajectory, i7^^P = 1.14 GeV, by a relation Q = \p^hnnK. 

Case B: They are determined from the recent analyses of mass spectra, including 
the effects due to color Coulomb force eD. In this case the mixing of ground IS-states 
with excited 2S-states is shown to be a few percents (the less) for p {D or D* and 
B) in the amplitudes, and thus its effects seem to be negligible. 

The actual values of m^'s and the (3 for the respective systems are collected in 
Table I. The "size" of wave functions seem to be almost equal in case B. 

Table I. The adopted values of quark masses m^'s and of inverse sizes /3's. In Case A: K — 0.106 
GeV^ is taken to be universal. In Case B; K is determined from mass spectra as K — 0.0979, 
0.0679 and 0.0619 GeV^, respectively, for p, D{D*) and B mesons. In Case B the size of mesons 
becomes almost equal. 





m„ 




mi, 


Pp 


Pd/d* 


Pb 


Case A 


0.384 GeV 


1.62 GeV 


4.94 GeV 


0.143 GeV^ 


0.181 GeV" 


0.194 GeV" 


Case B 


0.400 GeV 


1.70 GeV 


5.00 GeV 


0.140 GeV^ 


0.148 GeV" 


0.151 GeV" 



§3. Effective weak currents and reduced form factor function 

Our effective action for weak interactions of mesons with W-boson is given by 

Sw = d'^Xid'^X2{^F,P'{xi,X2)i-ff,{l + 75)'^Lp{xi,X2))Wf,^q{xi), (4) 



where we have denoted the interacting 
(spectating) quarks as 1(2). (the KM ma- 
trix elements and the coupling constant are 
omitted.) This is obtained from consider- 
ation of Lorentz covariance, supposing the 
quark current with the standard V —A form. 
In Eq.(4) ^/.p {^f,P') denotes the initial 
(final) meson with the definite four momen- 
tum (Pli), and is the momentum of 
W-boson. The ^ is the Pauli-conjugate of 
'P defined by ^ = —74^^^^ and ( ) repre- 
sents the trace of Dirac spinor indices. Our 
relevant effective currents J^{X)pi^p are ob- 




1 1.5 2 2.5 3 3.5 



omega 

Fig. 1. /-functions oi B ^ D* , B D 
and B p transitions, are denoted 
by solid, dashed and dotted lines, re- 
spectively. The thick (thin) line corre- 
sponds to the case A(B). 
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tained by identifying the above action with 



Sw = j d^XJ^{X)p,^pW^{X\ 



(5) 



Then J,_i{X = 0)p/^p = is exphcitly givenB^'lllI 



as 



= I^'' {to) VMM' 

[P,{v')Ps{v)iv + v')^ + Vx{v')Ps{v){e^xa^v'^Vfs - 5x^,{u: + 1) - vxv'^)m 

where u! = —v ■ v'. The I'^{u)) is the overlapping of the initial and final space-time 
wave functions, which describes the confined effects of quarks, and is given by 



00) 



4/3/3' 



1 



expi-G{Lo)y, C{iu) = {(3- 13' f + Af3f3'uj'' (7) 



3', .2 



,2 




M\^ /M'^^ 
WJ ^\M' 



ri\ 2 



MM' ^ 
2 UJ 

M,ML , 




(8) 



where Ms(Mg) is the sum of the constituent 
quark masses, mi + m2(m'^ + m'2), of the ini- 
tial (final) meson system. The actual forms of 
relevant I- functions are drawn in Fig. 1, which 
are almost common in i? ^ D* , D and p tran- 
sitions. However, the kinematically allowed 
maximum value Wmax ofw, 3.51, in B — > p 
transition is much larger than those 1.50(1.59) 
in i? — > D* (B D), and the corresponding 
value of /(wmax) is much smaller for the former 
than for the latter. 

If we identify M(M') with Ms(M^), the 
G{uj), Eq.(8), becomes simple as G{uj) = 
m'^{f3 -f- f3')u}{ijj — \)/C{uj). Moreover, in the 
niQ 00 limit the size of B and D{D*) 
mesons becomes equal, that is, (3b = (3d/ D* = 
Poo- Then the /-function of 5 ^ D/D* 
transitions takes the form, /oo(= C('-^)) = 
1/lo exp[—m'^{uj — l)/(2/3ooa;)], which has the 
property at zero-recoil, Ioo{oJ = 1) = 1, simi- 
larly as the 5,{oo). The actual values of 1(1) in 
B ^ D and B D* transitions are, respec- 
tively, 0.984(0.999) and 0.986(1.000) for case 
A(B). 




Fig. 2. Q^-dependence of transition 
form factors: (a) Fi m B D, (b) 
V = A2 (thin line) and Ai (thick 
hne) in B ^ D*, (c) y = A2 (thin 
hne) and Ai (thick hne) in _B — * p. 
The sohd (dashed) hne corresponds 
to case A(B) . 



Spectra of Exclusive Semi-Leptonic Decays of B-meson. 



5 



§4. Form factors and Decay spectra 

The invariant FF's oi B ^ D* / D transitions are defined as: 

{D*{P',e)\J,\B{P)) = J^^^i,P:,Pf,V^\q^) - (M + mn^)e,Af' {q') 
[P + P'),A^\ {D{P')\J,\B{P)) = F^{q^){P + P'),, (9) 



e • q 



M + niD* 



neglecting the terms proportional to g^, which are irrelevant in the massless lepton 
approximation. Comparing Eq.(9) with our effective currents Eq.(6) leads to the 
FF's represented by /-function as 

2 l + q^/{M + mD*Y 2y/MmD* 2\/Mm^ " ^ ' 

In B ^ p transition the FF's, defined similarly as in Eq.(9), are represented by 

These FF relations are the same as in B ^ D* andB ^ /B transitions, according to 
common use of BW spinor function. The actual Q^{= —'f') dependence of relevant 
FF's are given in Fig. 2. 

Our theoretical spectra of i? ^ Dlui and B — > Vlvi {V = D*, p) decays are 
obtained from the effective currents (6) as 



)^7SSTf - + rao?, (12) 



= ^^'^"^'^'''^'^m^^^'^^ + + + ^^^^^ - 

where Vg^s are the relevant Kobayashi-Maskawa matrix elements Vkm {, our only free 
parameters,) and Gp is the Fermi constant (we adopt the value 1.166 x lO^'^GeV"^). 
The best fits to the experimental spectra, (a) |V^;,|-^('^) (b) dP/dQ'^, are shown, 
in Fig. 3 for B — > decay and in Fig. 4 for B ^ decay. For reference we 

have also shown the results with /-function taken as unity, which correspond to "free 



quark decay,"lill in Figs. 3(b) and 4(b). The Vcb-values thus determined are given 
in Table II, where the combined values of Vcb for the respective processes are also 
given. 



*' A similar formulus for B tv transition as for B ^ D may be also applicable. However, it 
may not be effective because no considerations on the property of tt as Nambu-Goldstone boson are 
given in our present framework. 

**■* Here the combined value of Vcb in Table H is used. 
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Table 11. The values of Vcb obtained from the best fit to the experimental spectra in B ^ 

and B —> DW^'^■' decays. The second errors are the systematic ones for | Vctl J^(l)(including the 
error of B-life time) quoted from ref.l2) and ref.13) for the respective processes. 





case A 


case B 


combined 


B D'Wi 


(3.88 ±0.10 ±0.20) X 10"^ 


(3.89 ±0.10 ±0.20) X 10"^ 


(3.89 ±0.10 ±0.20) X 10~^ 


B DWi 


(4.11 ±0.14 ±0.46) X 10"^ 


(4.15 ±0.14 ±0.46) X 10"^ 


(4.13 ±0.14 ±0.46) X 10"^ 
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omega 




Fig. 4. Comparison of theory and experiment'^^^ for decay spectra in B ^ DWi, (a) |Vc6|/(ii') and 
(b)dJ^/dQ^(ps~^GeV~'^). A thick solid (dashed) line corresponds to the case A(B). A thin dashed line in 
Fig.(b) is the one in case of "free quark decay". 

As is seen in Figs. 3(b) and 4(b), the confined effect is small in the non- 



relativistic region with large Q 



[UJ ~ 



1), and the predicted spectra are close to 



the ones in the case of free quark decay. In the relativistic region with small 



the confined effect becomes very large. It is interesting that we 



are led to good fits result of this large effects. 

As is seen from Table II the values of Vcb ^-re mutually consistent for B 



D* 



Spectra of Exclusive Semi-Leptonic Decays of B-meson. 



7 



and B ^ D decays. This is required from the viewpoints of HQET and the boosted 
LS-couphng scheme 

The predicted spectrum for B plvi decay in unit of V^h, dF/dq^ = 
dr / {dq^\V^\)\^) , is shown in Fig. 5, where the spectrum for "free quark decay" is 
also given. It is seen that the confined effects drastically change the spectrum of 
B ^ p decay. 

In Fig. 6 the decay spectra for B D*Wi and B -^olUi predicted by COQM 
are shown and compared with the other models, WSBEj\ KSI1j\ ISGWilZP and 
ISGW2ti) models. 

All models give similar results for B D*Wi, 
while much different ones for B plvi- The spec- 
tra for the latter predicted by COQM are similar 
to those of WSB, KS (ISGW) model in the rel- 
ativistic (non-relativistic) region of Q^, that is, 

~ Qmax iQ"^ ~ 0)- This fact seems to re- 
flect the theoretical backgrounds of the respective 
models. In WSB and KS models, the absolute 
values of FF's at = are fixed by the over- 
lapping of wave functions of the scalar harmonic 
oscillator model in the infinite momentum frame. 
The ISGW model is essentially a non-relativistic 
(NR) model, and the FF's are given by the over- 
lapping of NR-meson wave functions, which are 
determined through the analysis of mass spectra 
of meson systems. Accordingly it may be reliable 
in the NR-region, ~ Q^ax- The spectra of 

ISGW2 model, which is updated from the original model, become closer in the rel- 
ativistic region to those of COQM, which has a reliable kinematical framework in 
both relativistic and non-relativistic regions. 
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5 10 15 20 

(b) Q2 

Fig. 5. Predicted spectrum of B — > 
plvi decay. A thick solid 
(dashed) line corresponds to 
the case A(B). The spectrum 
for "free quark decay" is shown 
with thin dashed line. 
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(a) 



Q2 




(b) 



Q2 



Fig. 6. Comparison of our spectra dt/dQ^ = dr/dQ^\Vqi,\'^ with the other models; (a) B D'lui and (b) 
B — > plvi decays. Thick solid (dashed) line corresponds to the case A(B) of COQM. Respective thin lines 
correspond to the models of KS(dashed), WSB(solid), ISGW(dot-dashed) and ISGW2(dotted). 
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Presently there have been reported no experimental spectra for the B — > plvi 
decay. However, by comparing the theoretical values of r{= -T/IVkmP) with the 
experimental decay widths F's for B — > D/D*Wi and B pWi processes, we can 
also determine the values of FKM-elements. The relevant values of Vkm thus obtained 
are collected and compared with the results obtained in the above models in Table 
III. There we have also given the results in the case of free quark decay. It is to 
be noted that /'t^^Q'^'g are much smaller, especially in S — > p decay, than i^^gg^'s. 
The V^fe-values in Table III are consistent to those in Table II obtained from the 
decay spectra. They are nearly the same as the estimate by HQET, O.OSSztO.OOTGP . 
Our V^ft-value is also consistent to the conventional estimate (2 ~ 5) x 10~^, 
derived by various other methods. From Table III we see that especially the F for 
B — > pWi shows large model-dependence, and experimental studies on this process 
seem important to select the models. 

Table III. Our values of Vcb and V^b estimated from decay widths of i? — > D _B — > D* and B ^ p 
processes. The theoretical values without (with) brackets corresponds to case A(B). -rfree°q's are 
the widths in the case of "free quark decay". _r's obtained in the other models (WSB, KS, 
ISGW and ISGW2) are also given. 





B^ Dlui 


B^ D'ln 


B ^ plvi 


jnexp 


B(11.3 ± 2.0) X 10"^ ps"^ 


(29.9 ±3.9) X 10"^ ps"^ 


E5(16.0 ± 5.6) X 10"^ ps-^ 


Vkm 


K6=0.0396±0.0036 
(0.0399±0.0036) 


V;6=0.0372±0.0025 
(0.0374±0.0025) 


Vub = (3.1 ±0.5) X 10"^ 
((3.2 ±0.6) X 10"^) 


7-ithcor 
^ free q 


18.7 ps"^ 


41.9 ps"^ 


150 ps-i 


^theor 


7.18(7.06) ps"^ 


21.6(21.4) ps"^ 


17.0(15.8) ps^^ 


r(wsB) 


8.08 ps"^ 


21.9 ps"^ 


26.1 ps"^ 


r(KS) 


8.3 ps^^ 


25.8 ps"^ 


33.0 ps"^ 


r(iSGW) 


11 ps"^ 


25 ps"^ 


8.3 ps-i 


r(ISGW2) 


11.9 ps~^ 


24.8 ps"^ 


14.2 ps"^ 



§5. Concluding Remarks 

We have studied, applying COQM, the spectra of semi-leptonic decay of B- 
meson, B D*li>i and B — > Dlvi, which are known experimentally with high 
precisions, and obtained the consistent results to the experiments as a result of taking 
account of large quark confined effects. The values of Vcb determined from these two 
decay spectra are mutually consistent. The B — > D,D* and p li>i decay widths 
are also reproduced satisfactorily with the presently accepted values of the relevant 
VxM-elements. These facts seem to give an evidence for validity of the framework of 
COQM, the boosted LS-coupling scheme, describing the meson systems. 

The framework of COQM is also applicable directly to the transitions between 
hadrons including excited states, such as i? — > D**Wi, which will be treated else- 
where. 

Finally we should like to express our gratitude to Dr. K.Yamada, for informing us 
of the recent results of studies on mass spectra. 
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